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Light dark matter with mass smaller than about 10 GeV is difﬁcult to probe from direct detection experi-
ments. In order to have the correct thermal relic abundance, the mediator of the interaction between dark
matter and the StandardModel (SM) should also be relatively light,100 GeV. If such a lightmediator cou-
ples to charged leptons, itwould alreadybe strongly constrainedbydirect searches at colliders. In thiswork,
we consider the scenario of a leptophobic light Z0 vector boson as themediator, and study the theprospect of
searching for it at the 8 TeV Large Hadron Collider (LHC). To improve the reach in the low mass region, we
perform a detailed study of the processes that the Z0 is produced in association with jet, photon,W ± and Z0.
We show that in the regionwhere themass of Z0 is between 80 and 400 GeV, the constraint from associated
production can be comparable or even stronger than the knownmonojet and dijet constraints. Searches in
these channels can be complementary to themonojet search, in particular if the Z0 couplings to quarks (gZ0 )
anddarkmatter (gD) are different. For gD< gZ0, we show that there is a larger regionof parameter spacewhich
has correct thermal relic abundance and a light Z0,MZ0  100 GeV. This region, which cannot be covered by
the mono-jet search, can be covered by the resonance searches described in this paper.
 2013 The Authors. Published by Elsevier B.V. This is an open access article under the   CC     BY-NC-SAy/3.0/).1. Introduction Recently, the low mass dark matter scenario has received moreDark matter (DM) consists of 24% of the energy density of our
universe. However, the nature of it is one of the outstanding mys-
teries. The most popular class of candidates for DM are the stable
Weakly Interacting Massive Particles (WIMPs), and the annihila-
tion of WIMPs in the early universe determined the observed relic
abundance of DM. This scenario provides a promising approach to
detect the WIMPs directly [1], with many recent results [2–10].
The direct detection experiments are more sensitive for WIMPs
with masses heavier than tens of GeV. Assuming the WIMP–nu-
cleon interaction is spin independent, the limit can be as strong
as rWIMP–nucleon < 1043 to 1045 cm2. For light WIMPs, the energy
transfer during a WIMP-nucleus scattering is proportional to the
WIMP mass. If the WIMP is sufﬁciently light, the energy transfer
is too small to be detected, resulting in a much weaker limit.
For example, the upper limit is weaker than 1039 cm2 for MWIMP 
5 GeV. For sub-GeV WIMPs, if it has a sizeable coupling to the lep-
tonic sector, electron recoil signals can set stronger constraint than
from nuclear recoils [11,12].attention. For example, there is an intriguing connection between
the WIMP number density and baryon number density in this sce-
nario [13–32], which is motivated by the fact that the energy den-
sities of dark matter and baryons are of the same order of
magnitude. High energy colliders can play a signiﬁcant role in
the search for light WIMPs. The simplest way to detect a light
WIMP particle is to observe a single particle balanced only by miss-
ing transverse energy (MET) [33–35]. From the model building
side, the simplest approach is to assume that the interaction be-
tween WIMPs and Standard Model (SM) particles can be written
as effective contact operators [36–43], with the mediators between
theWIMP and the SM sector integrated out. On the other hand, it is
a generic possibility that the mediator can be light. In this case, it
cannot be integrated out while considering scattering process at
the LHC. Such an effect has been studied in Refs. [37–44]. A light
mediator is particularly motivated by reproducing the observed
thermal relic abundance, which requires aWIMP annihilation cross
section is of order pico barn. If WIMP annihilation mainly proceeds
through s-wave , the cross section can be written as
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the SM quarks is mediated by a vector boson Z0. This is the so called
dark portal. The relevant Lagrangian can be written as
L 3 gZ0qclqZ0l þ gDvclvZ0l; ð2Þ
where we have assumed that the dark matter particle, denoted by
v, is a Dirac fermion. gZ0 and gD are the coupling of the mediator
to quarks and to WIMP, respectively. Nf is the number of SM ﬂavors
that are kinematically available. A detailed study of theory with
gauged baryon number can be found in Refs. [45,46]. For such a
low mass resonance its coupling to leptons must be strongly sup-
pressed, otherwise it would be ruled out by LEP. That is the reason
that in our model the Z0 couples only to quarks in SM (leptophobic).
Such a light mediator with MZ0  Oð100Þ GeV is within the
reach of the Large Hadron Collider (LHC). The most straightforward
way to search for a leptophobic Z0 is a direct search for dijet reso-
nance, a ‘‘bump hunt’’, which is summarized in Ref. [44]. Although
there is some model dependence, it turns out that resonance
searches for the vector mediator with masses between 250 GeV
and 4 TeV at the colliders and mapping to DM direct detection con-
straint can provide stronger constraints than the monojet searches.
On the other hand, the constraints become much weaker for low
mass mediator. Since the jets from lighter Z0 decay would be softer,
the signal of a light Z0 suffers from very low trigger efﬁciencies.
In this work, we study a class of alternative channels in which
the Z0 boson is produced in association with a hard jet, a hard pho-
ton, or a massive gauge boson in the SM. We also consider the case
of Z0 pair production. The rates of the SM background for the asso-
ciated productions can be signiﬁcantly lower. Therefore, we can
lower the trigger threshold and enhance the signal efﬁciency. In
the following we will demonstrate that this is indeed a promising
way of ﬁnding or constraining the leptophobic Z0 mediator, and
eventually the DM particle.
We present a detailed description of the Monte Carlo simulation
in Section 2. In Section 3, we scan the parameter space and show
the reach for each channel and their combination. In Section 4,
we relate the Z0 search to the collider search of dark matter. We
summarize the results in the Section 5.
2. Simulation and event selection
2.1. Signal and background simulation
The signal and background are both generated by MadGraph/
MadEvents 5.1.3.9 [47]. We used the kT MLM Matrix Element-
Patron Shower (ME-PS) matching algorithm. The decay width of
Z0 is calculated by BRIDGE 2.24 [48]. The following decay and
hadronization procedure are performed by pythia-pgs 2.1.8.
The jets are constructed by fastjet 3.0.0 [49] with R = 0.6
anti-kT jet algorithm, and smearing is performed for jets, leptons,
photons with the CMS-like energy resolution [50]
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Throughout this paper we assume a 15 fb1 total integrated lumi-
nosity at center-of-mass energy of 8 TeV.
The next-to-leading order correction K-factor K = rNLO/rLO will
not signiﬁcantly change our results. In particular, it is calculated
by MCFM 6.2 [51] to be roughly one, both for the Z0 þW channeland the Z0þ Z0 channel. For the Z0 þ jet and the Z0þ c channels we
do not preform a calculation, but [52] suggests the K factor for pure
QCD 3 jets should be about 1.3 or so, and in [53] the K factor for
cþ 2 jets is about 1.2 or so. All the K factors are close to one, so
we expect counting the higher order corrections will not signiﬁ-
cantly change our reach.
We approximate Z0 as a Breit–Wigner resonance. The decay
width of Z0 can be written as
 ’ g
2
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12p
MZ0 ðNfNC þ r2Þ; ð6Þ
where Nf = 5 or 6 if MZ0 is above the ditop threshold, NC = 3 is the
number of colors in QCD, and r  gD=gZ0 . As we will see in the fol-
lowing sections, the narrow width condition Z0 	 MZ0 is always
satisﬁed in the parameter region we are interested in. Therefore,
the Breit–Wigner approximation is valid in our case. We will not
consider the interference effect of the Z0 signal with the SM back-
ground. Such an effect is only important within the Z0 width. So in
our narrow width Z0 scenario the effect is small, and it will be com-
pletely washed out due to the jet energy resolution. We veriﬁed
that this is indeed the case.2.2. Event selection
The most important class of event selection cuts for our signal
are the jet energy thresholds and acceptance cuts. We begin with
the Z0 + jet channel. Due to the large QCD background, we have
to adopt relatively high jet energy threshold. With our choice,
the leading order SM background cross section corresponds to an
event rate of a few Hz or so, with the current peak instantaneous
luminosity. Since the energy of the jets from Z0 decay is closely cor-
related with the Z0 mass, we use two complementary sets of pTJ
selection cuts, so that in combination they give us good signal efﬁ-
ciency for a large range of MZ0 . For light Z0 (MZ0 < 350 GeV) we
require
pTJ1 > 350GeV pTJ2; pTJ3 > 70GeV: ð7Þ
In this case, the second and third hardest jets are dominantly com-
ing from Z0 decay. We choose to use a relatively low threshold for
them to enhance signal efﬁciency. At the same time, we have to
require the hardest jet to be very energetic to suppress the rate of
QCD background. For heavier Z0 (MZ0 > 350 GeV), the decay
products of Z0 give two hard jets that are most likely to be the
two leading jets. The two hardest jets, if coming from Z0 decay,
are typically close in pT. Therefore, equal thresholds for the ﬁrst
two leading jets are desirable. We also require the jet produced in
association with Z0 to be energetic to suppress the QCD background.
In particular, we require
pTJ > 160GeV for three leading jets: ð8Þ
In the other channels, Z0 + c and Z0 + W±/Z0, the signal also con-
tains at least two jets coming from Z0 decay. At the same time, the
additional hard object in the event, such as a hard photon or hard
leptons from W±/Z0 decay, can be used to efﬁciently trigger on this
class of events. Therefore, we can afford to use lower thresholds for
jets
pTJ > 50GeV for two leading jets: ð9Þ
Wewill focus on central jetswith a goodenergy resolution. For all
the channels considered in this paper, we impose an acceptance cut
jgJj < 2:5: ð10Þ
We apply this cut not only to jets but also to cs and charged leptons.
Table 1
Invariant mass window for each hypothetical Z0 mass. We optimize this with signal Monte Carlo, where the boundaries correspond to the bins with half of the peak bin height.
Z0 Mass (GeV) 60 80 100 120 150 250 350
MJJ (GeV) 50–70 60–90 80–110 100–130 120–160 210–270 290–370
Z0 Mass (GeV) 450 550 650 750 850 950
MJJ (GeV) 370–480 450–590 530–700 610–800 700–900 800–1000
Table 2
Leading order standard model background rate for each of the channels, after various selection cuts. In the ﬁrst row the basic pT thresholds and g < 2.5 cut for all particles in an
event are implemented. Then in the second row we add Dg12 cuts for two leading jets, as well as the invariant mass window for e+e or l+l in the dijet + (Z0? ‘+‘) channel to
reconstruct Z0. The event selection cuts are designed in particular to make the corresponding rates here no more than a few Hz for each channel. Lastly invariant mass windows
are applied for three hypothetical Z0 masses. In the QCD 3 jet channel, we list the two cross sections, which correspond separately to the 350–70–70 pTJ triggering (the former) and
the 160–160–160 pTJ triggering (the latter).
QCD 3 jet dijet + c dijet + W± dijet + (Z0 ? ‘+‘) dijet + ðZ0 ! m~mÞ
pTJ, g cuts 487pb
412pb
327 pb 160 pb 7.6 pb 20 pb
Dg cut 370pb
284pb
226 pb 109 pb 4.2 pb 14 pb
MJJ 2 [120160] GeV 42 pb 49 pb 13 pb 0.95 pb 2.5 pb
MJJ 2 [290370] GeV 67 pb/11 pb 18 pb 4.0 pb 0.32 pb 1.3 pb
MJJ 2 [8001000] GeV 25 pb 0.76 pb 0.21 pb 0.04 pb 0.11 pb
1 Note that due to the large number of degrees of freedom in the quark sector, and
our assumption that there is only one species of dark matter, gD ¼ gZ0 only leads to a
small invisible width, BRinv  1/16.
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At the same time, the background QCD jets are more forward with
larger rapidity gaps. Therefore, we impose an g separation cut
jgJJj < 1:7; ð11Þ
for the two jets which are used to reconstruct the MZ0 .
We have also considered different jet energy thresholds in both
light and heavier Z0 cases. The results are tabulated in Tables 4 and
5 in Appendix A. While we use the relatively conservative choices
of the jet energy threshold, lower them can certainly increase the
reach.
To search for the Z0 resonance, we have to identify two jets as
candidates for Z0 decay products. In the Z0 + jet channel with
MZ0 < 350 GeV, we choose the second and third hardest jet. For
MZ0 > 350 GeV, we choose the two leading jet instead. In Z0 + c
and Z0 + W±/Z0 channels, we also choose the two leading jets. After
identifying the two candidate jets, we require their invariant mass
to be within the mass window around the target Z0 mass. The width
of the window has two origins, one is the natural line width or the
physical Z0 total decay width, and the other is due to the detector
ﬁnite energy resolution. In our case, the latter one always domi-
nates. We optimized the mass window for a set of Z0 masses based
on Monte Carlo simulation. The complete list of the invariant mass
windows used in our analysis is Table 1.
We also impose selection cuts on the other (non-jet) hard
objects in the signal. For the Z0 + c channel, we require
pTc > 50 GeV: ð12Þ
For the Z0 + W± channel, we focus on the leptonic channel. We
require
pT‘ > 25 GeV; ð13Þ
p=T > 25 GeV: ð14Þ
For the Z0 + Z0 channel, we consider two different Z0 decay modes.
The ﬁrst channel is the charged leptonic Z0 decay mode. In this case,
there are two opposite sign electrons or muons which correctly
reconstruct a Z0. Speciﬁcally, we require
pT‘ > 25 GeV for two opposite sign leptons; ð15Þ
85 GeV < M‘‘ < 97 GeV: ð16Þ
The second channel is the invisible decay Z0 > m~m. We requirep=T > 60 GeV; ð17Þ
and veto any charged leptons. They should be replaced by the prac-
tical triggering conditions at the LHC.
In our study, we have not considered Z0 ! bb as a possible decay
channel, mainly for simplicity. The results are already quite
encouraging without bb decay channel, and including it will cer-
tainly enhance the discovery reach. Extending the analysis in this
paper to this case is straightforward, after properly taking into
account the b-tagging. For heavier Z0, decaying into tt would also
give another signal channel. At the same time, identifying the top
requires different strategies, depending on MZ0 [54].3. Reach of different channels
In general, the couplings of Z0 to the left and right-handed
quarks can be different. In the Z0 þ jet and Z0 þ c channels,
since QCD and QED are vector-like, only the combination
g ¼ ðg2Z0L þ g2Z0RÞ
1=2 is relevant, where gZ0L and gZ0R are the couplings
of Z0 to the left and right-handed quarks. Only the left handed cou-
pling is relevant for the Z0 þ W channel. The most complicated
channel is Z0þ Z0, in which both the gZ0L and gZ0R are relevant. Fur-
ther complication comes with two kinds of decay channels under
consideration. However, we will see in the following that the reach
is mainly due to the non-chiral Z0 þ jet channel. The chiral Z0 þ W
contribution is nearly the same as the non-chiral Z0 þ c contribu-
tion. Z0 þ Z0 has a very small contribution. Therefore, we expect
the ratio gZ0L=gZ0R will not play a signiﬁcant role, and we will only
show the results of gZ0L ¼ gZ0R  gZ0 .
As illustration, a list of cross sections for various background
channels and signal channels with gZ0 ¼ 0:35 are shown separately
in Tables 2 and 3. The expected 2r constraints from different chan-
nels are shown in Fig. 1, where the red, green, blue, purple and
black curves correspond to the upper limits from the Z0 + jet,
Z0 + c, Z0 + W±, Z0 + Z0 channels and the combined constraint of
the four channels, respectively. Here we have assumed here gD =
0. In realistic models considered later, the decay branching ratio
to jets will induce a suppression to the signal rate in each channel,
however, the suppression is small at least for gD  gZ01 A detailed
discussion is in Section 4. For MZ0J1000 GeV the background QCD
Fig. 1. Reach plots for S=
ﬃﬃﬃ
B
p
for the Z0 + jet (red), the Z0 þ c (green), the Z0 þ W
(blue) and the Z0 þ Z0 (purple) channels, for 15 fb1 integrated luminosity and
S=
ﬃﬃﬃ
B
p ¼ 2 which corresponds to 95% conﬁdence level. All the channel is assuming
gZ0L = gZ0R = gZ0 , and in the Z
0 þ Z0 channel the reach from two charged leptons decay
product and from two neutrinos are combined. Eventually their combination for
exclusion is shown as the black thick line. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 3
Leading order Z0 signal rate for each of the channels. All selection cuts in Table 2 (including the mass window) are applied. Here we are assuming gL = gR = 0.35. Again in the Z
0 + jet
channel we list the two cross sections, which correspond separately to the 350–70–70 pTJ threshold (the former) and the 160–160–160 pTJ threshold (the latter).
Z0 + jet Z0 + c Z0 + W± Z0 + (Z0 ? ‘+‘) Z0 þ ðZ0 ! m~mÞ
MZ0 ¼ 150 GeV 0.80 pb 0.76 pb 0.45 pb 0.031 pb 0.054 pb
MZ0 ¼ 350 GeV 0.72 pb/0.15 pb 0.30 pb 0.14 pb 0.0096 pb 0.021 pb
MZ0 ¼ 950 GeV 0.20 pb 0.013 pb 0.006 pb 0.0004 pb 0.0011 pb
H. An et al. / Dark Universe 2 (2013) 50–57 53dijet rate is low enough that the more efﬁcient direct dijet resonance
search provides a better limit [57], so we only consider the cases
with MZ0 < 1000 GeV here.
From Fig. 1, we can see that the constraint from Z0 + jet channel
is stronger than other channels, especially in the large MZ0 region.
The dominant reason is the QCD coupling is much larger than
the other relevant gauge couplings. For the Z0 + c channel, both
the signal and the background are suppressed by the ﬁne structure
constant of electromagnetic interaction, aem. Whereas in the case
of Z0+jet channel, it is replaced by aS, which is much larger. As a re-
sult, both the signal and the background increase by roughly the
same amount in comparison with the Z0 + c channel, and therefore
the S=
ﬃﬃﬃ
B
p
for the Z0 + jet channel is larger than that for the Z0 + c
channel. This is exactly what happens in the large MZ0 in Fig. 1.
In the small MZ0 region, as shown in Tables 2 and 3, the cuts make
the cross sections of Z0 + jet channel and Z0 + c channels comparable
in both signal and background processes. Therefore, as shown in
Fig. 1, the constraints on gZ0 is comparable in the region
MZ0  150 GeV.
In the Z0 + jet channel, in the small MZ0 region where MZ0K100
GeV, to balance the transverse momentum of the hardest jet, the Z0
resonance is highly boosted. Therefore, the two jets from the decay
of the Z0 resonance are close to each other, and cannot be distin-
guished from a single fat jet. Due to the same reason, the small
M23 region in the background is also removed, where M23 is the
invariant mass of the second and third hardest jets. As a result,
the events of both the signal and the background are cut off by
the requirements in Eq. (7) and the statistics becomes poor, and
therefore the limit on gZ0 from Z0 + jet channel weakens signiﬁ-
cantly in the region where MZ0K80 GeV. A quantitative analysis
which shows the scale of this effect can be found in Appendix B.
For example, for M0Z  80 GeV which is discussed in Appendix B,
if we use the R = 0.1 anti-kT jet algorithm rather than the default
R = 0.6 one in a hadron level analysis, we will get about 20 timesmore events with a dijet invariant mass in the window of 6090
GeV. Jet substructure techniques should be able to help in this re-
gime, and we leave the details in this direction for a future study. In
contrast, for the Z0 + c and Z0 + W channels, there is no such kine-
matic conﬁguration. Therefore, in the small MZ0 region, the con-
straint is mainly from these two channels.
In the Z0 þ c channel, it is possible for jets to fake photons. For
example, there can be a hard jet which accidentally becomes a p0
and passes the neutral electromagnetic trigger to mimic a photon.
The jet fake gamma rate is tiny (less than 0.3%), but given the QCD
jets are much more abundant, the fake trigger is still considerable.
Taking this into consideration, the background will increase by
about 20%.
The Z0 þ W channel has comparable S=
ﬃﬃﬃ
B
p
ratio with the
Z0 þ c channel over all the Z0 mass region, which is just a coinci-
dence of various physical reasons contributing in different direc-
tions. For example, the weak coupling is larger than the
electromagnetic coupling, theW± is massive so that the production
is relatively suppressed. W±? ‘± has further suppression from the
leptonic decay branching ratio. At the same time, the cs are con-
centrated in the collinear region and hard to pass the pTc > 50
GeV selection cut, while the acceptance of a W± ? ‘± is higher.
For the Z0 þ Z0 channel, we have to combine its two decay
channels. The neutrino channel has a larger branching ratio
(20%) than the charged lepton channel (6.7%), and the former
has a slightly better S=
ﬃﬃﬃ
B
p
. However, even the combined signal sig-
niﬁcance is much smaller than other channels, so this channel is
less interesting.
We have also checked the Z0 þ Z0 pair production channel. The
S=
ﬃﬃﬃ
B
p
ratio is always much less than 1 in the region of mass and
coupling we focus on. One reason is that the couplings are all rel-
atively small, which leads to small production cross section. At the
same time, the signal is in a pure 4-jet ﬁnal state, which is over-
whelmed by the dominant QCD background. For a similar back-
ground rate with the 3-jet case we have to use nearly the same
jet pTJ thresholds, but the signal cross section is further suppressed
by a small factor of g2Z0 . Therefore, the reach in this channel would
be much weaker, and we will not provide the full analysis here.
Fig. 2 shows the comparison between the constraints from dijet
search with associated products, monojet search and direct dijet
searches. To make connection with dark matter detection, we will
now consider gD – 0 and introduce r  gD=gZ0 to parameterize its
size. As an illustration, we assume r  gD=gZ0 ¼ 1 in Fig. 2. The
red curve is the 95% C.L. upper limit from ATLAS monojet searches
[55], the green and blue curves are the 95% C.L. upper limit from
the CDF [56] and ATLAS [57] dijet resonance searches, and the pur-
ple curve shows the 90% C.L. upper limit from UA2 dijet resonance
search [58], respectively. For dijet searches, colliders with smaller
center-of-mass energy give stronger constraints, since when MZ0
is much smaller than the center-of-mass energy of the collider,
the constraint suffers from large QCD background due to the peak
of the gluon parton distribution function at low x. For the compar-
ison between the associated dijet constraint and the monojet con-
straint, a large amount of the background events can be removed
with the help of the invariant mass window cut, so the associated
dijet constraint can be stronger than the monojet constraint. On
the other hand, as discussed before, in the very light Z0 region
Fig. 3. Comparison of the gZ0 = gD reach of our Z0 association production (solid and
dashed black curves for 2r expected constraints and 5r reach, respectively) with
other experiments. The red curve is the constraint from ATLAS monojet search with
10 fb1 integrated luminosity at 8 TeV. The green curve is the bound from dijet
resonance search by CDF with 1.13 fb1 integrated luminosity. The blue curve is the
constraint from ATLAS dijet resonance search with 1 fb1 data set. (For interpre-
tation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
Fig. 2. Comparison between the combined constraint of different channels shown
in Fig. 1 and the constraints from dijet and monojet searches. We have assumed r 
gD/gZ0 = 1. The thick black curves shows the combined constraint as in Fig. 1. The red
curve corresponds to the 95% C.L. ATLAS monojet upper limit. The green and blue
curves correspond to 95% C.L. upper limits from CDF and ATLAS dijet searches,
respectively. The purple curve corresponds to 90% C.L. upper limits from UA2 dijet
search. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
54 H. An et al. / Dark Universe 2 (2013) 50–57(MZ0K80 GeV), the two jets from the decay of Z0 are either highly
boosted and cannot be distinguished from a single jet, or probably
cut by the pTJ > 50 GeV threshold which is roughly half of the res-
onance mass, whereas the invisible decay of Z0 is only character-
ized by large missing transverse energy. Therefore, in this region
the monojet constraints can be stronger than the associated dijet
constraint.
Before the end of this section, we brieﬂy mention some existing
results in the W þ dijet resonance channel. Mainly motivated by
checking the CDF W þ dijet anomaly, the ATLAS [59] and more
recently CMS group [60] have performed searches in the same
channel. In [59] based on 5 fb1 integrated luminosity a leptopho-
bic Z0 of 150 GeV and gZ0 ’ 0:2 [61] is excluded. This is in broad
agreement with our results shown in Fig. 1. Possible strategies to
enhance the LHC reach in the W þ dijet has also been studied in
[62]. However, the kinematics of this model in which the djiet
resonance and W are decay products of a heavier new resonance,
is very different from the scenario considered in this paper.
4. Z0 as a portal between the SM and dark matter
The Z0 can mediate interaction between dark matter and SM
particles, forming the so called dark portal. In this case, the con-
straint on gZ0 can be mapped onto the constraints on DM direct
detection cross section. The direct detection cross section for a
nucleon (proton or neutron) is
rSI’
9g2Z0g
2
DM
2
NM
2
D
pM4Z0 ðMDþMNÞ2
’7:71040

gZ0
0:1
2 gD
0:1
2100GeV
MZ0
4
cm2;
ð18Þ
where MN is the mass of the nucleons, and MD = 5 GeV is assumed.
For gZ0 ¼ gD, the constraints on direct detections cross section
are shown in Fig. 3. The major improvement is in the region with
Z0 lighter than limit from the CDF dijet pole search. The constraint
can be as strong as a few1042 cm2. Assuming gZ0 ¼ gD and
MZ0 > 80 GeV, limits from associated production are also stronger
than those from the ATLAS monojet search. The current bound
assumes an integrated luminosity of 15 fb1, this constraint will
becomes stronger if the assumed integrated luminosity increases.
Relaxing gZ0 ¼ gD leads to interesting scaling behavior. The
production rate of Z0 is proportional to g2Z0 . The decay branchingratio of Z0 into dijet ﬁnal states in the case of gZ0–gD can be written
as g2Z0NfNC=ðg2Z0NfNC þ g2DÞ. On the other hand, the decay branching
ratio of Z0 into DM can be written as g2D=ðg2Z0NfNC þ g2DÞ. Therefore,
for a general r  gD=g0Z , the cross sections for monojet and dijet
processes can be written as
rmonojetðrÞ ¼ rð0Þmonojet 
NCNf þ 1
NCNf þ r2 r
2 / gZ0gD  r NCNf þ 1NCNf þ r2 ;
r di jetðrÞ ¼ rð0Þdijet 
NCNf þ 1
NCNf þ r2 / gZ
0gD  1r
NCNf þ 1
NCNf þ r2 ; ð19Þ
where rð0Þmonojet and r
ð0Þ
dijet are the cross sections for r = 1. Therefore, as
long as the Z0 is narrow-widthed and light enough so that it can be
produced on shell, one can get the constraints on the coupling for a
general value of r by scaling the constraints shown in Fig. 2 using
Eq. (19).
For ﬁxed gZ0gD, the constraints of the production cross section
from monojet and dijet searches have approximately opposite
dependence on r. Therefore, the monojet method and our associ-
ated dijet method are complementary: the former works for large
r whereas the latter works for small r. We can also take into
account the theoretical consideration of DM thermal production,
or the so called ‘‘WIMP miracle’’. If the Z0 is the only portal between
the DM and the SM sectors, and the relic abundance of DM is deter-
mined by thermal freeze-out, the DM annihilation cross section to
SM particles through the Z0 will be given in Eq. (1), where we can
see that hrvi depends on the couplings only through the product
gZ0gD in the case that MD 	 MZ0 . To get the observed relic abun-
dance, hrvi is ﬁxed to be around 3  1026 cm3s1; as a result,
the product gZ0gD becomes a function of MZ0 for ﬁxed MD, which
is shown as the grey band in Fig. 4.
In the region that MZ0 and r are both small, the monojet con-
straint becomes weaker, as expected from Eq. (19). It cannot probe
the shaded region in Fig. 4 where the correct relic abundance is
generated. In the region r <0.7, from the crossing of the solid and
dash dotted green curves in Fig. 4, we can see that the correct relic
abundance can be generated with parameters that satisfy the
monojet constraint and can be reached by the associated dijet
search with a signiﬁcance larger than 5r at the same time. In the
region of MZ0 < 130 GeV, from the red curves in Fig. 4, we can
see that if r is smaller than about 0.3, the associated dijet resonance
search can reach the full region of parameter space with correct
relic abundance, with more than 5r signiﬁcance. Whereas in the
Fig. 4. Comparison of the 5r reach for the discovery of a 5 GeV WIMP by the Z0
associated production search (all solid curves) and monojet search (all dash-dotted
curves), for different ratios of r  gD/gZ0. The region of parameter space above a
certain curve either has been excluded or can be constrained by the corresponding
search channel. All curves in red correspond to gD/gZ0 = 0.3, all curves in green
correspond to gD/gZ0 = 0.7, and all curves in blue correspond to gD/gZ0 = 1. In shaded
region, the vv$ Z0 process generates the correct relic abundance, namely requiring
the cold dark matter density of the universe Xcdmh2 = 0.111 ± 0.006 [63]. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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reach 5r signiﬁcance due to the constraint from UA2 dijet reso-
nance search as shown in Fig. 2.
In the numerical simulation, MD is ﬁxed to be 5 GeV which is
much smaller than MZ0 . However, as long as MD < MZ0=2 the Z0
can efﬁciently decay into a pair of dark matter particles. The dis-
cussion of comparing the associate dijet constraints and monojet
constraints is still applicable. In the region where MD is larger than
MZ0=2, Z0 cannot be on shell in the monojet process, and therefore
the monojet constraint will be less important than the dijet associ-
ated constraint. However, in this region, for O(100) GeV Z0, the
direct detection constraint is more important.5. Summary and discussions
In this paper, we have suggested a new systematic way of ﬁnd-
ing/constraining the general leptophobic Z0 gauge boson. To over-
come the large QCD background at the LHC, we considered the
channels in which Z0s are produced in association with a hard jet,
an energetic photon, or a W±/Z0. We performed a detailed study
of the potential of LHC search in these channels, and show that
the Z0 + jet, Z0 þ c and the Z0 þ W channels are independently
promising, and a combination can signiﬁcantly improve the reach.
Assuming this Z0 also couples to dark matter, forming the so-
called dark portal, this bound can be mapped onto a dark matterTable 4
Comparison of small variation of the ﬁrst set of jet energy thresholds for the 3-jet signal. For
window choice. In S=
ﬃﬃﬃ
B
p
we are assuming gL = gR = 0.35, MZ0 = 150 GeV and 15 fb1 integ
Threshold 350–70–70 300–70–70
Background 370 pb 767 pb
S=
ﬃﬃﬃ
B
p
15.0 19.4
Table 5
Comparison of small variation of the second set of jet energy thresholds for the 3-jet signal
mass window choice. In S=
ﬃﬃﬃ
B
p
we are assuming gL = gR = 0.35, MZ0 = 450 GeV and 15 fb1
Trigger level 160–160–160 150–150–150
Background 286 pb 406 pb
S=
ﬃﬃﬃ
B
p
10.8 11.2direct detection bound. We demonstrate that there is improve-
ment in the low Z0 mass region (MZ0 < 400 GeV) from the use of
associated production. The collider constraint of DM direct detec-
tion cross section can be extended to a smaller hypothetical Z0
mass. For gZ0 > gD, the Z0 associated production method holds an
advantage over the monojet method. For example, if the Z0 medi-
ates the only channel for DM to annihilate into SM particles, with
small value of r, the monojet constraints become weak and the
parameter space for generating the correct relic abundance with
small 5 GeV MD and weak scale Z0 is still allowed, as shown in
Fig. 4. At the same time, large region of this parameter space can
be covered by the associated dijet bump search discussed in this
paper. In particular, we can discover such a Z0 in this search chan-
nel with a signiﬁcance larger than 5r, if gD=gZ0 is smaller than
about 0.7.
The existence of a Z0 coupling to quarks can induce a signiﬁcant
correction to the decay branching ratio of Z boson. We checked this
constraint explicitly and found that this constraint is not strong
enough to exclude the region of 5r reach shown in Fig. 2.
The interaction between Z0 and the quarks generates a kinetic
mixing between Z0l and the SM hypercharge gauge boson, Bl. This
kinetic mixing is constrained by electroweak precision tests. How-
ever, there can be additional contributions to this kinetic mixing
generated by integrating out heavy particles in a uniﬁed gauge the-
ory [64]. Given such model dependence, we would not discuss the
constraints on the kinetic mixing from electroweak precision tests
further in this paper. In a very different scenario in which there is
no direct coupling of Z0 to the SM fermions, the interaction is solely
induced by kinetic mixing. In this case, in some region of the
parameter space, the constraints from direct detection experi-
ments can be stronger than from electroweak precision test vari-
ables, and the upper limit on the kinetic mixing is too small for
the LHC to have any signiﬁcant signal [65].Acknowledgments
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We compare different choices of jet energy thresholds, and the
results are tabulated here.the leading order event rate we also impose the |Dg23| < 1.7 cut, but no invariant mass
rated luminosity.
400–70–70 350–60–60 350–80–80
200 pb 410 pb 333 pb
8.9 15.2 14.8
. For the leading order event rate we also impose the |Dg12| < 1.7 cut, but no invariant
integrated luminosity.
140–140–140 170–170–170 180–180–180
579 pb 205 pb 148 pb
12.6 8.9 8.0
Fig. 5. Background distributions of dijet invariant mass in Z0 + jet, Z0 + c and Z0 + W
channels. For Z0 + jet channel, it is the invariant mass of the second and third hardest
jets shown in the plot.
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channels
We start with considering an event with three jets in the ﬁnal
state, labelled by J1, J2 and J3, with transverse momenta ~pT1, ~pT2
and ~pT3, respectively. Here, we require that pT1 
 pT2 
 pT3. Then,
the invariant mass of J2 and J3 can be written as
M223 ¼ 2ðp2T2 þ p2z2Þ
1=2ðp2T3 þ p2z3Þ
1=2  2~pT2 ~pT3  2p2zp3z; ð20Þ
where we neglect the invariant mass of a single jet. p2z and p3z are
the longitudinal momenta of J2 and J3, respectively. We can always
work in a frame where pz3 = 0 such that the above expression can be
simpliﬁed as
M223 ¼ 2 p2T2 þ p2z2
 1=2
pT3  2~pT2 ~pT3
¼ 2pT2pT3 1þ p
2
z2
p2T2
 1=2
1
" #
þ 2p2Tp3Tð1 cos/Þ; ð21Þ
where / is the angle between ~p2T and ~p3T . It is easy to see that
2pT2pT3 > 2pminT3 ðpminT1  pminT3 Þ  ð200GeVÞ2, where pminT1 , pminT2 and
pminT3 are the cuts we impose on pT1, pT2 and pT3. In practice, for the
region MZ0 < 350 GeV, we choose pminT1 ¼ 350 GeV, pminT2 ¼ pminT3 ¼
70 GeV. Therefore, in the region M223 	 ð200 GeVÞ2 we have
M223  2pT2pT3
p2z2
2p2T2
þ 1
2
/2
 
 pT2pT3 y2 þ /2Þ

; ð22Þ
where y is the rapidity of J3. In the anti-kT algorithm, the distance
between J2 and J3 is deﬁned as
d23 ¼minðp2T2 ; p2T3 Þ
y2 þ /2
R2
 M
2
23
p3T2pT3R
2 : ð23Þ
If d23 < 1=p2T2, J2 and J3 will be identiﬁed as a single jet. Therefore, it
requires d23 > 1=p2T2 to identify J2 and J3 as two separate jets, which
means
M23 > R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p2Tp3T
p 
 R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pminT3 ðpminT1  pminT3 Þ
q
 80GeV; ð24Þ
where R = 0.6 has been used. Therefore, the cuts we imposed on the
3-jet ﬁnal state conﬁguration remove both the background and the
signal in small M23 region as shown in Fig. 5. We should note that
this argument is based on parton level analysis. Taking the parton
shower and realistic detector effects in to account, a small amount
of events from both background and signal in the region
M23 < R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pminT3 ðpminT1  pminT3 Þ
q
may pass the cuts and leak into the sig-nal region. However, the statistics in the small M23 region remains
very poor, and so does the constraint on the coupling.
For the Z0 + c channel, as shown in Fig. 5, since we do not require
a very large transverse momentum for the photon, the limit of the
invariant mass of the two jets can simply be written as
M12 
 2pminTJ R=2  30GeV; ð25Þ
where pminTJ ¼ 50 GeV is used. Therefore, the constraint from this
channel dominates over the Z0 + jet channel in the small MZ0 region.
For the Z0 + W channel, since we only consider the leptonic
channel,W boson does not have to be produced with a large trans-
verse boost to pass the selection cuts. Therefore, Z0 do not have to
be very boosted, and there will be no limitation onM12 in the small
MZ0 region. For the Z0 + Z
0 channel, however, the dominant decay
channel of Z0 we are considering is to a pair of neutrinos and the
p=T > 60 is required, which indicates that the pT of Z0 boson must
be larger than 60 GeV. For ﬁxed dijet invariant massM12, in the Z0 +
W channel, s^1=2min ¼ MW þM12, where s^1=2min is the minimal parton level
center-of-mass energy to make this process possible. Whereas in
the Z0 + Z0 channel, s^1=2min ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M2Z þ pminTZ
2
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
M2Z0 þ pminTZ
2
q
. Therefore,
for both signal and background, in the small MZ0 region, s^
1=2
min de-
creases faster in the Z0 +W channel than in the Z0 + Z0 channel with
the decreasing of MZ0 . As a result, the parton luminosity increases
faster in the Z0 + W channel than in the Z0 + Z0 channel with the
decreasing ofMZ0 . Thus, the upper limit on gZ0 from the Z + Z0 chan-
nel increases more rapidly in the small MZ0 region with the
decreasing of MZ0 as shown in Fig. 1.References
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